Background: Increased concentrations of high-sensitivity C-reactive protein (hs-CRP), a marker of systemic inflammation, are associated with increased risk for coronary heart disease. Because of its relationship to inflammation, hs-CRP has considerable biologic variation. This study was carried out to characterize CRP variation and to compare it to another risk factor, total serum cholesterol. Methods: One hundred thirteen individuals were scheduled to have five measurements each of hs-CRP and total cholesterol carried out at quarterly intervals over a 1-year period. Variations of hs-CRP and total cholesterol were characterized, and classification accuracy was described and compared for both. Results: The relative variation was comparable for hs-CRP and total cholesterol. When classified by quartile, 63% of first and second hs-CRP measurements were in agreement; for total cholesterol it was 60%. Ninety percent of hs-CRP measurements were within one quartile of each other. This relationship was not altered by the use of log-transformed hs-CRP data. Conclusion: hs-CRP has a degree of measurement stability that is similar to that of total cholesterol.
in the obese (18 ) . For measurement of hs-CRP to have clinical utility as a CHD risk factor, the biologic variability of hs-CRP must be quantified and be low enough to enable reliable risk stratification with one or two blood samples. In a recent study of 214 postinfarction patients, the correlation coefficient between baseline hs-CRP concentrations (obtained at least 6 months post infarction) and values obtained 5 years later was 0.60 (P Ͻ0.001), a degree of correlation that compares favorably to that for total cholesterol (r ϭ 0.37) (19 ) . Most other longitudinal studies of hs-CRP variability have been conducted in small (n Ͻ30) homogeneous cohorts over relatively short periods of follow-up (6 months) (14, 20 ) and were limited by lack of gender-and age-specific comparisons. Moreover, the reliability of risk classification using serial hs-CRP measurements has not been formally examined. The purpose of the present investigation was to quantify the biologic variability of hs-CRP and to examine the risk classification accuracy of serial hs-CRP samples within the reference interval in a large heterogeneous cohort of healthy adults who were each followed for a 1-year period.
Materials and Methods participant recruitment and study design
The Seasonal Variation of Blood Cholesterol Study (SEA-SON) was an observational longitudinal study of 641 healthy adults designed to quantify the magnitude and timing of seasonal changes in blood lipids and to identify the major factors contributing to this variation (21 ) . These factors included dietary intake, physical activity, exposure to light, psychological variables, weather patterns, and changes in body mass. A subgroup of SEASON participants (n ϭ 113) were recruited to participate in an ancillary study examining seasonal variation in additional blood indices, including hemostatic factors, apolipoproteins, antioxidants, and hs-CRP. Participants in this subgroup of the SEASON study form the cohort of the present investigation.
SEASON participants were recruited from the Fallon 
clinical measurements
Demographic data (e.g., age, gender, marital status, education, employment) were collected by self-administered questionnaire at study baseline. Anthropometric data, including body mass (kg), height (m), and waist and hip circumferences (cm) were measured during clinic visits by the SEASON staff.
Information regarding infections was collected by selfreport of the number of cold or flu episodes in the previous 90 days. The mean (SD) annual number of upper-respiratory tract infections was 1.4 (1.5) events per year. The occurrence of upper-respiratory tract infections peaked in the winter months (ϳ40%) and was lowest in the summer (ϳ10%). These data closely resemble annual and seasonal incidence of upper-respiratory tract infections reported in other investigations using more intensive self-report methods (22, 23 ) .
blood measurements
Fasting (Ͼ12 h) venous blood samples were collected into EDTA-containing tubes between 0700 and 0900. Blood plasma was harvested by low-speed centrifugation at 4°C, aliquoted into individual tubes, and quickly frozen to Ϫ70°C. On a regular basis, plasma samples were packed in dry ice and shipped for analysis via courier service to the Centers for Disease Control and Prevention standardized laboratory for lipid testing at the University of Massachusetts at Lowell (24 ) . Total cholesterol and triglycerides were measured in plasma by enzymatic methods using a Beckman System 700 automated analyzer (25, 26 ) . HDL-cholesterol was measured in the resulting supernatant after heparin manganese precipitation of apolipoprotein-B-containing proteins (27 ) . LDLcholesterol values were calculated by the Friedewald equation using total cholesterol, triglycerides, and HDLcholesterol in individuals with triglyceride values Ͻ4.52 mmol/L (400 mg/dL) (28 ).
hs-CRP methodology hs-CRP concentrations were determined at Children's Hospital in Boston using latex-enhanced immunonephelometric assays on a BN II analyzer (Dade Behring) as described previously (29 ) . The assay has a detection limit of 0.15 mg/L and day-to-day imprecision (CV) of ϳ5% for concentrations of 0.35 and 0.5 mg/L. 
statistical methodology
Variance components and intraclass correlations were estimated using a random effects analysis of variance model using the loneway procedure in Stata, Ver. 6.0 (30 ) . Categorical variables were compared by Fisher exact tests. Unweighted statistics were computed for comparison of classification of the first and second measurements of cholesterol and hs-CRP (31 ).
Results
One-hundred thirteen subjects (20 -70 years of age) in the SEASON blood substudy had measured hs-CRP values. Of the 113 subjects, 64 (56.6%) were male and 49 (43.4%) were female. Seventy-five (66.4%) had all five quarterly measurements. Twenty-six (23%) had four quarterly measurements and 12 (10.6%) had three quarterly measurements. The mean (SD) interval between blood measures was 96.4 (19.6) days. Table 1 lists the participant characteristics. The values in Table 1 are based on averaged values over all quarterly measurements.
The gender difference in hs-CRP was significant based on a rank-sum test (P ϭ 0.04). This difference was entirely explained by differences in body mass index (BMI), and after controlling for BMI, there was no longer a significant difference between males and females in mean hs-CRP. Gender differences in hs-CRP have not been previously described (14, 32 ) , but the relationship between BMI and hs-CRP has been noted by others (32 ) . Overall concentrations of hs-CRP were comparable to values noted previously in the literature, as obtained by similar methodologies (3, 33 ) .
Further analyses were carried out using pooled gender data, both because of the lack of independent significance for this variable and to maintain comparability with total cholesterol, which despite important gender differences does not have gender-specific guidelines (34 ) .
Values of hs-CRP Ͼ10 mg/L were relatively rare in both men (4.8% of 292 h-CRP measurements) and women (2.8% of 214 measurements). The gender difference was not statistically significant (P ϭ 0.36). Eighty percent of the 20 values Ͼ10 mg/L were associated with a report of an episode of cold or flu within the prior 90 days, vs only 30.2% for those Ͻ10 mg/L. In subsequent analyses, values Ͼ10 mg/L were removed under the assumption that they represented acute illness or inflammation. After hs-CRP values Ͼ10 mg/L were excluded, the mean (SD) hs-CRP value was 2.05 (1.8) mg/L based on an mean (SD) of 4.4 (1.8) measurements per subject.
In characterizing the variation of hs-CRP, the scale used is an important factor. Fig. 1 illustrates the distribution of hs-CRP and, for comparison, that of total cholesterol (all subjects represented by their mean values for all measurements). The data for total cholesterol are relatively symmetric and can be modeled appropriately by a gaussian distribution. The distribution of hs-CRP was highly skewed even with the higher values removed. Fig.  1C shows the log distribution (hs-CRP), which is much more symmetric and less skewed. A Kolmogorov-Smirnov test indicated that there was no statistical evidence of a deviation from normality for total cholesterol (P ϭ 0.78) or for log hs-CRP (P ϭ 0.20), but the test rejected normality for hs-CRP (P Ͻ0.001). Variation estimates were made in both scales for comparative purposes.
The within-subject data for total cholesterol and hs-CRP, rank-ordered by mean values, are illustrated in Fig.  2 . The first hs-CRP plot (Fig. 2, middle panel) is in the The total cholesterol plot (top) omits one subject with low values. Leaving this subject in the plot tended to give a different view of the variation because it compressed the remaining data into a smaller frame. measured scale, the second plot (Fig. 2, bottom panel) is in a log scale.
Variation is usually separated into analytic, withinindividual (biologic), and between-individual variation. Analytic variation is the variation attributable to measurement error (a sample is analyzed multiple times and variation is estimated). Individual, or biologic, variation is the variation within an individual accounting for or adjusting for analytic variation. Multiple measures within a subject are used to estimate variation, and analytic variation is subtracted out. Between-individual variation is the variation in average response between individuals. With these data, we can estimate within-and betweenindividual variation where within-individual variation is a combination of analytic and biologic variation.
Variation can be expressed by dividing overall variation into between-and within-subject variation and describing the percentage of overall variation attributable to each component. If we let b 2 be the between-subject variance and w 2 be the within-subject variance, then b 2 /( b 2 ϩ w 2 ) is the intraclass correlation and 100 ϫ intraclass correlation is the percentage of variation explained by between-subject variation. The remaining variation is the within-subject variation, which is the combined biologic and analytic variation. This is an appropriate comparison if we have a representative sample of individuals.
A random-effects analysis of variance estimated the between-subject standard deviation for total cholesterol to be 0.946 mmol/L (36.6 mg/dL) and the within-subject standard deviation to be 0.447 mmol/L (17.3 mg/dL); for hs-CRP, the between-subject standard deviation was 1.66 mg/L and the within-subject standard deviation was 1.19 mg/L. The estimated intraclass correlation for total cholesterol was 0.82 (82% of variation explained by betweensubject variation and 18% by within-subject variation); for hs-CRP, the estimated intraclass correlation was 0.66. Table 2 lists the variance components for each of the measures.
classification accuracy
To determine classification accuracy, values of hs-CRP were divided into four groups: Ͻ0.50, 0.50 -0.99, 1.00 -1.99, and Ն2.0 mg/L (2 ).
The agreement between the first and second measurements in all 113 individuals is shown in Fig. 3 , which for comparison provides equivalent data for total cholesterol divided into quartiles. Overall, for hs-CRP, 71 of 113 (62.8%) of the results were in agreement. The statistic was estimated to be 0.479 (95% confidence interval, 0.39 -0.60). When we removed measurement pairs where a value was Ͼ10 mg/L, there was a small increase in overall agreement (63.5%), with a statistic of 0.511 (95% confidence interval, 0.40 -0.62). When we examined the classification accuracy across the 12-month follow-up period (excluding pairs with values Ͼ10 mg/L), correct classification was observed for 237 of 374 pairs (63.4%). For total cholesterol, agreement between the first and second measurements was 59.3% with a value of 0.456 (95% confidence interval, 0.35-0.56). Thus, variability of repeat hs-CRP measurements was comparable to that of total cholesterol. In those individuals having at least four hs-CRP measurements, a similar analysis was carried out comparing the average of two randomly selected measures with the average of two other randomly selected measures. The use of four measurements in this manner increased overall agreement to 68%.
We also carried out a similar analysis classifying cholesterol into three groups using the classification methodology of the National Cholesterol Education Program (Ͻ200, 200 -240, and Ͼ240 mg/dL) (34 ) . Use of this scheme improved overall agreement between the first and second measurements to 71.7%, but the improvement was related to the smaller number of groups (three vs four).
Discussion
In epidemiologic studies, hs-CRP has been shown to be a useful predictor of future cardiac events (35 ) . In making the transition from large-scale epidemiologic studies to clinical utility in individual patients, several requirements must be met, including a sensitive, accurate, and affordable assay and demonstration of relative stability of classification into risk categories (10 ) . Although hs-CRP is an acute phase reactant, and as such is subject to marked and rapid shifts secondary to intercurrent illness, we have demonstrated that there is considerable stability in the measurement of hs-CRP and that correction for outlying high values yielded only minor changes in these findings. In particular, the stability of hs-CRP measurements compares favorably with that of total serum cholesterol, a standard measurement widely accepted in CHD risk stratification methodology. The analytic component of hs-CRP variability is relatively small, with between-subject variation accounting for most of the observed variability.
Although the stability of hs-CRP measurements is similar to that of total cholesterol, considerable withinsubject variability does exist in both, and a single test will have a wide confidence interval (36 ) . Because an analysis using four measurements per individual yielded only a modest increase in classification agreement (68% vs 63% with two measurements), the use of two sequential measures is appropriate for clinical use.
We are not recommending the use of log-transformed data for the clinical use of hs-CRP. A log-transformed number has a fixed relationship to the original number from which it is derived and so is not intrinsically of greater value. The use of log-transformed data does produce interquartile distances that are equal on a measurement scale, but in a clinical setting this is not important because the guideline cutpoints are defined for the clinician, and log-transformed data are not used for other measurements that are equally skewed (e.g., serum triglycerides).
Because hs-CRP is an acute phase reactant, it could be argued that the lowest of several measurements should be used as the predictive value, as opposed to the mean. Although this approach has biologic as well as clinical appeal, insufficient data exist at the present time to make this recommendation.
In conclusion, we believe the current data have several important clinical implications. (a) In a recent study directly comparing the magnitude of predictive value of 12 putative risk factors, including lipoprotein(a), homocysteine, and a full lipid panel, hs-CRP was the single strongest marker of risk for future myocardial infarction and stroke (3 ) , data that underscore the critical role of inflammation in atherothrombosis. (b) Several studies have now shown that hs-CRP concentrations predict coronary risk even in the absence of hyperlipidemia (2, 3, 8 ) , an important issue because one-half of all cardiovascular events occur among individuals with cholesterol concentrations not defined as increased by National Cholesterol Education Program criteria (37 ) . (c) Because statin therapy appears to lower hs-CRP in a cholesterol-independent fashion (19 ) , monitoring the inflammatory response has been suggested as a method to improve utilization of statin therapy, particularly in the primary prevention of vascular events. Thus, the observation in the current data that hs-CRP has a measurement stability similar to that of total cholesterol provides further evidence of the potential clinical utility of hs-CRP screening as a novel tool for vascular risk prediction (38 ) .
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